Cobine CA, Hennig GW, Bayguinov YR, Hatton WJ, Ward SM, Keef KD. Interstitial cells of Cajal in the cynomolgus monkey rectoanal region and their relationship to sympathetic and nitrergic nerves. Am J Physiol Gastrointest Liver Physiol 298: G643-G656, 2010. First published February 11, 2010 doi:10.1152/ajpgi.00260.2009.-The morphology of interstitial cells of Cajal (ICC) in the circular muscle layer of the cynomolgus monkey internal anal sphincter (IAS) and rectum and their relationship to sympathetic and nitrergic nerves were compared by dual-labeling immunohistochemistry. Contractile studies confirmed that nitrergic nerves participate in neural inhibition in both regions whereas sympathetic nerves serve as excitatory motor nerves only in the IAS. Muscle bundles extended from myenteric to submucosal edge in rectum but in the IAS bundles were further divided into "minibundles" each surrounded by connective tissue. Dual labeling of KIT and smooth muscle myosin revealed KITpositive stellate-shaped ICC (ICC-IAS) within each minibundle. In the rectum intramuscular ICC (ICC-IM) were spindle shaped whereas stellate-shaped ICC were located at the myenteric surface (ICC-MY). ICC were absent from both the myenteric and submucosal surfaces of the IAS. Nitrergic nerves (identified with anti-neuronal nitric oxide synthase antibodies or NADPH diaphorase activity) and sympathetic nerves (identified with anti-tyrosine hydroxylase antibody) each formed a plexus at the myenteric surface of the rectum but not the IAS. Intramuscular neuronal nitric oxide synthase-and tyrosine hydroxylase-positive fibers were present in both regions but were only closely associated with ICC-IM in rectum. Minimal association was also noted between ICC-IAS and cells expressing the nonspecific neuronal marker PGP9.5. In conclusion, the morphology of rectal ICC-IM and ICC-MY is similar to that described elsewhere in the gastrointestinal tract whereas ICC-IAS are unique. The distribution of stellate-shaped ICC-IAS throughout the musculature and their absence from both the myenteric and submucosal surfaces suggest that ICC-IAS may serve as pacemaker cells in this muscle whereas their limited relationship to nerves suggests that they are not involved in neuromuscular transmission. Additionally, the presence of numerous minibundles, each containing both ICC-IAS and nerves, suggests that this muscle functions as a multiunit type muscle.
gastrointestinal; enteric; motility; internal anal sphincter; rectum THE INTERNAL ANAL SPHINCTER (IAS) is a thickening of the circular muscle (CM) layer at the distal terminus of the gastrointestinal tract. Basal anal pressure is high, aiding in the maintenance of fecal continence. In contrast, pressure in the adjacent rectum is lower, allowing this region to serve as a final site of storage prior to defecation (2) . These functional differences are accompanied by significant differences in the contractile behavior of isolated strips of muscle from the IAS and rectum, i.e., the IAS is considered to be predominantly a "tonic" muscle whereas rectal muscles contract predominantly in a phasic manner (6, 37, 42) . Excitatory motor innervation to the IAS and rectum also differ, i.e., in the IAS it is sympathetic whereas in rectum it is cholinergic/tachykinergic (3, 56) . In contrast, nitrergic nerves participate in inhibitory motor innervation in both regions (39, 52) .
Interstitial cells of Cajal (ICC) are specialized cells in the gastrointestinal (GI) tract that participate in the control of motor activity. These cells can be visualized with immunohistochemical techniques using antibodies against KIT, a receptor tyrosine kinase that is robustly expressed in ICC but not nerves or smooth muscle cells (SMC) (36) . Several distinct populations of ICC exist in the GI tract. One population serves as pacemaker cells and generates slow waves (22, 46) , and a second has been proposed to participate in neuromuscular transmission (63) . Although ICC have been identified with immunohistochemical techniques in the human (17, 43) , mouse (10) , and dog (20) IAS, few details are available regarding their morphology and distribution, and their role in the control of motor activity is largely unknown.
Pacemaker type ICC are typically stellate shaped in morphology and confined to either the myenteric plexus region (i.e., ICC-MY) or the submucosal plexus region (ICC-SM). Some ICC also extend from plexus regions into the muscularis along septal structures (ICC-SEP; Refs. 32, 60) . Pacemaker ICC are coupled to one other and to the adjacent SMC via low-resistance gap junctions (8) . Rhythmic currents generated by ICC conduct into adjacent SMC, giving rise to slow waves and phasic contractile activity (22, 46) . In addition, currents generated by ICC have been proposed to underlie tone generation in some smooth muscles [e.g., urethra (35) ]. The present study compares the morphology and distribution of ICC in the tone-generating IAS to those of the phasically active rectum.
ICC proposed as participants in neuromuscular transmission are located within the musculature. These spindle-shaped cells run parallel to SMC in the longitudinal and CM layers. There is evidence that intramuscular ICC (ICC-IM) participate in excitatory (i.e., cholinergic) neuromuscular transmission in GI muscles (54, 62, 63) . However, the excitatory motor innervation in the IAS is predominantly sympathetic (3, 56) . At present there are no studies that have examined the role of ICC in sympathetic neuromuscular transmission in the GI tract. The present study therefore compares the distribution of sympathetic nerves in the IAS and rectum and their relationship to ICC.
ICC-IM have also been proposed to participate in nitrergic transmission (for review see Ref. 62) although there is still controversy regarding this conclusion (for review see Refs. 16, 22) . The role of ICC in nitrergic transmission in the IAS has been investigated in the W/W v KIT-deficient mouse. These mice have reduced Kit expression since one Kit allele (W) is nonfunctional and the other allele (W v ) has reduced function (38) . Consequently ICC are absent from some regions of the GI tract (25) and greatly reduced in others including the IAS (10) . Studies of the W/W v KIT-deficient mouse IAS suggest that ICC are not required for nitrergic transmission in this region (10, 55) . The present study establishes a functional role for nitrergic nerves in the monkey IAS and rectum and examines whether there are differences in the morphological relationship between ICC and nitrergic nerves between the IAS and rectum.
The model used for these studies is the cynomolgus monkey (Macaca facicularis facicularis). Macaca facicularis diverges at the nucleotide level from the related species Macaca mulatta by only 0.4% (40) , and this latter species shares ϳ93% gene sequence identity with humans (15) . Thus studies of the cynomolgus monkey IAS may provide valuable new insight into how motility in the human IAS is controlled. Our results reveal a number of important differences in the morphology and distribution of ICC in the IAS vs. rectum and in the relationship of these cells to nerves. Whereas the morphology of ICC-MY and ICC-IM in the rectum is similar to that of ICC described elsewhere in the GI tract, IAS-ICC possess several unique morphological features that are likely to contribute to the unique functional role of this terminal portion of the GI tract.
MATERIALS AND METHODS

Tissue Preparation
Cynomolgus monkey tissues were obtained from Charles River Preclinical Services (Sparks, NV). The protocol for euthanizing monkeys was approved by their Institutional Animal Care and Use Committee assuring compliance with the United States Department of Agriculture, Public Health Service Office of Laboratory Animal Welfare Policy and the Animal Welfare act (Charles River Laboratories, Preclinical Services, Sparks, NV). Monkeys of either sex (32 monkeys, 2.5-7 yr of age) were initially sedated with ketamine (10 mg/kg), then administered 0.7 ml Beuthanasia-D solution (pentobarbital sodium and phenytoin sodium) followed by exsanguination. The rectoanal region was removed and placed in a screw-capped container with cold Krebs bicarbonate solution (KRBS) of the following composition (in mM): 118.5 NaCl, 4.7 KCl, 2.5 CaCl 2, 1.2 MgCl2, 23.8 NaHCO3, 1.2 KH2PO4, 11.0 dextrose. The sample was then transported on ice within 30 min to the University of Nevada, Reno, where all adhering skeletal muscle and mucosa were removed after pinning in a dissecting dish. IAS muscles were further prepared by removing the longitudinal muscle (LM) layer whereas both LM and CM layers were retained in rectal segments. The LM in the sphincter region is not a discrete layer but rather divided into bundles embedded in connective tissue and glands. Thus orientation of the CM was best achieved by removal of this overlying structure. In contrast, the muscle layers of the rectum were much thinner and compact and orientation of CM strips was best achieved by retaining the LM layer. Either experiments were undertaken on freshly isolated muscles or muscles were stored overnight in KRBS at (4°C).
Immunohistochemistry
Thick muscle sections. Muscle bundles of IAS and rectum (100 m) were created by cutting either parallel or perpendicular to CM bundles with fine iris scissors. Sections were then pinned flat in a dissection dish and fixed for 30 min either with ice cold acetone or paraformaldehyde. Tissues were then washed in 0.1 M phosphate buffer solution overnight at 4°C. To reduce nonspecific antibody binding, tissues were incubated in bovine serum albumin (BSA; 1% wt/vol; Sigma, St. Louis, MO) for 1 h at 20°C. To achieve greater penetration during labeling, sequential incubations of the tissue preparations with primary antibodies [in combinations of anti-KIT; antityrosine hydroxylase; anti-neuronal nitric oxide synthase (nNOS); anti-protein gene product 9.5; anti-smooth muscle myosin] were carried out with use of Triton-X 100 (0.5%; Sigma). Incubation with the first primary antibody was carried out for 48 h at 4°C. Following 3-4 h of washing with PBS, tissues were incubated with the second primary antibody for 48 h. A list of the primary antibodies used and their reactivity, source, and dilutions used in the study is found in Table 1 . Tissues were washed with rotation for 12 h before detecting immunoreactivity with secondary antibodies (Molecular Probes, Eugene, OR). The secondary antibodies used are listed in Table 2 . Incubations with secondary antibodies were performed sequentially, each for 1 h in the dark at 20°C, with washing for 1 h between antibodies.
Modified whole mount preparations. A 1.5-cm-wide by 4-cm-long strip of the rectoanal region was isolated from distal IAS (anal verge) to proximal rectum (4 cm). The mucosa was removed, as well as the LM layer, with care taken to avoid damage to the myenteric plexus region. This procedure was facilitated by the wide connective tissue gap that separates longitudinal and CM layers in this region. Modified whole mount preparations were then either fixed with acetone and prepared for immunohistochemical labeling of KIT-positive cells or fixed with paraformaldehyde and prepared for labeling NADPH diaphorase activity.
Cryosections. For immunohistochemical labeling of cryosections, tissues were fixed and washed as described for whole-mount specimens and then dehydrated in graded sucrose solutions (5, 10, 15%, 15 min each, 20% overnight) and embedded in Tissue Tek OTC compound (Sakura Finetek, Torrance, CA), before being frozen in liquid nitrogen. Sections were cut transverse to the CM layer at a thickness of 10 -12 m (thin cryosections) or 100 m (thick cryosections) by use of a Leica CM 3050 cryostat (Leica Microsystems, Wetzlar, Germany). Tissues were preincubated with 1% BSA solution for 1 h at 20°C before sequential incubations with primary antisera in combination with 0.5% Triton-X 100 solution for 12-24 h at 4°C. Incubations with secondary antisera were carried out as described above for whole-mount preparations.
Controls. To ensure specificity of labeling, control tissues were examined. These were prepared by omitting either primary or secondary antibodies from the incubation solutions. Single-labeled tissue specimens were also examined to confirm double-label experiment findings. For most ICC labeling the KIT antibody Ab-4 was used (including the images shown in figures). The specificity of this labeling was further examined by using a second anti-KIT antibody (i.e., DAKO CD117, see Table 1 ). The morphology and distribution of ICC and mast cells identified with DAKO was the same as that observed with Ab-4.
Imaging. A Zeiss LSM 510 Meta confocal microscope (Carl Zeiss, Thornwood, NY) was used to examine both whole-mount specimens and cryosections. Micrographs of whole-mount specimens, generated via the confocal imaging system, are digital composites of Z-series of scans 0.25-to 1-m optical sections through a depth of 0.5-35 m. Final images were constructed by use of Zeiss LSM 5 Image Examiner Software, Adobe Photoshop CS2 Software, and CorelDRAW X3 Software. Immunoreactivity was detected with secondary antibodies conjugated with either Alexa Fluor 594 (KIT, red) or Alexa Fluor 488 (nerves, green) ( Table 2) .
Light Microscopy.
To assess overall morphology, 1-mm-wide cross sections of the rectoanal region were created. Muscles were fixed in ice-cold paraformaldehyde [4% wt/vol in 0.1 M phosphate buffer solution (PBS)] at 4°C overnight. After fixation, tissues were washed for 30 min in PBS, 0.01 M, pH 7.4. Tissues were then stained with 0.25% toluidine blue in 1% borax for 2 min and then washed overnight in 0.01 M PBS. To examine in more detail the relationship of muscle bundles to septal structures muscles were dehydrated and embedded in paraffin wax; 8-m sections were stained with Masson's trichrome and examined with a Nikon Eclipse E800 microscope (Nikon). Photomicrographs were acquired via a Spot RT Slider CCD camera (Diagnostic Instruments) with proprietary software.
NADPH Diaphorase Histochemistry
Modified whole mount preparations were fixed in ice-cold paraformaldehyde [4% wt/vol in 0.1 M phosphate buffer solution] at 4°C for 2 h and washed in 0.01 M PBS as described above. Tissues were stained in a NADPH-diaphorase solution containing 1 mg/ml ␤-NADPH, 0.25 mg/ml nitroblue tetrazolium, and 0.5% Triton X-100 in 0.01 M PBS, for times ranging from 30 -60 min at 4°C. Tissues were then washed in PBS with rotation before being pinned in a Sylgard-based dissection dish containing 0.01 M PBS for imaging. The above chemicals were purchased from Sigma-Aldrich (St. Louis). Specimens were imaged via a Nikon SMZ 800 inverted stereomicroscope (Nikon USA) and Diagnostic Instruments Spot Slider RT CCD camera.
Image Processing
Maximum or average intensity Z-projections were used to display confocal stacks in two dimensions. Three-dimensional surface renderings and anaglyphs were constructed by use of Volumetry G7mv (G. W. Hennig). A manual mask was applied to cells shown in Fig. 3, A and B, to isolate them from other cells in the stack. Red-cyan three-dimensional (3D) glasses are required to view anaglyphs (free glasses are available at http://www.rainbowsymphony.com/freestuff.html). In most images ICC are shown in red with the exception of Fig. 2 where KIT labeling has been converted to reverse grayscale via Adobe Photoshop. In Fig. 1 the contrast between muscle bundles and connective tissue in the IAS was enhanced by selecting all magenta pixels in the image and assigning them red with Photoshop (Adobe, Mountain View, CA).
The colocalization of nerves and ICC was assessed by determining the overlap of red (ICC) and green [nitric oxide synthase (NOS) or tyrosine hydroxylase (TH)] pixels throughout the stack. The pixels in each confocal slice that contained both red and green labels above a user-defined threshold intensity were then considered to represent areas of colocalization, and the percentage colocalization as well as the area of red and green pixels was calculated. The maximum density and percentage colocalization were calculated in a 1-m region.
Apposition of nerves and ICC was also evaluated by a second method utilizing a minimum distance surface algorithm. Briefly, 3D surfaces were constructed around KIT and nerve structures and were smoothed by iteration of Laplacian smoothing (see Fig. 6 , C and E, and Ref. 30) , and the minimum distance from each ICC surface triangle to all nerve surface triangles was determined. Frequency histograms of the minimum distance (absolute) from ICC surfaces to nerve fiber surfaces were then constructed (see Fig. 6, D and F) pixel dimension at ϫ63 was 0.2885 m with a lower limit for determining separation distances on the order of 0.3-0.8 m (see www.olympusconfocal.com/theory/resolutionintro.html).
Contractile Experiments and Contraction Analysis
Muscle strips for contractile experiments (1.5 ϫ 20 mm) were cut parallel to the CM and attached with suture thread to a stable mount and to a Gould strain gauge and immersed in tissue baths containing 3 ml of oxygenated KRBS maintained at 37°C. A initial stretch of 1 g was applied. After 15-30 min, active tone and phasic contractile activity developed. Nerves were stimulated with electrical field stimulation (EFS) by using a Grass S48 stimulator (1-20 Hz for 1 min, 12 V, 1.0 ms duration pulses). These stimulation parameters produced tetrodotoxin (TTX, 1 M)-sensitive neural responses.
To quantify spontaneous IAS contractions, phasic peaks and troughs were averaged during a 2-min time period by use of AcqKnowledge software (Biopac Systems). Phasic contractile amplitude was determined as average peak value minus average trough value. IAS tone was determined as the average of phasic troughs minus passive tension. In rectum, phasic contractions typically occur in complexes; thus phasic contractile amplitude was calculated as peak contraction during the complex minus tone between complexes. Rectal tone was determined as the value of tension between contractile complexes minus passive tension. Passive tension was determined at the end of the experiment by addition of 10 M sodium nitroprusside and 1 M nifedipine. Significant differences between groups were determined by one-way ANOVA followed by a post hoc Dunn's or Tukey test. Data are expressed as means Ϯ SE and values were considered significantly different when P Ͻ 0.05.
Drugs
TTX, atropine sulfate, N -nitro-L-arginine (L-NNA), guanethidine, sodium nitroprusside, 2-(2-aminoethyl)pyridine, and nifedipine were all purchased from Sigma (St. Louis, MO).
RESULTS
Morphological Arrangement of Muscle Differs in the IAS and Rectum
The gross morphology of the rectoanal region was examined in cross sections (1 mm ϫ 3 cm) stained with toluidine blue to provide contrast for smooth muscle visualization. LM (200 -300 m) was present throughout the rectoanal region and was separated from the CM layer by connective tissue. The rectal CM layer was ϳ0.5 mm wide whereas the IAS (i.e., final 5-8 mm of GI tract) was ϳ2 mm wide. Septal structures dividing adjacent bundles of muscle could be seen extending from the myenteric to submucosal edge of the CM layer at intervals of ϳ0.5-0.7 mm in the rectum and ϳ0.2-0.5 mm in the IAS (Fig.  1A) . The composition of muscle bundles was further examined in paraffin-embedded cross sections (3-8 m) of muscle stained with Masson's trichrome (Fig. 1, B-E) . These sections revealed further subdivision of each IAS muscle bundle into "minibundles" of variable width (20 -200 m) separated from one another by connective tissue septa (20 -50 m wide, Fig.  1, B and C) . In contrast, muscle bundles of the rectum generally spanned the entire CM layer and contained packed SMC. Figure 1D shows rectal muscle bundles separated from one another by large septa containing both connective tissue and a few cells (Fig. 1D ). Additional thin (Յ10 m) septal structures were present penetrating variable distances into the interior of muscle bundles (see Fig. 1 , D and E).
Distribution and Morphology of ICC in the IAS and Rectum Differ
A subpopulation of ICC has been shown to function as pacemaker cells that participate in the regulation of motor activity in the GI tract (22, 46) . However, the motor activity of the IAS and that of the rectum differ substantially from one another (e.g., Ref. 37) , suggesting that the populations of ICC within them may differ as well. Initial experiments were therefore undertaken to confirm that the differing patterns of motor activity reported for other species exist in the monkey IAS and rectum as well. This was followed by immunohistochemical studies to examine whether significant differences exist in the morphology and distribution of ICC between IAS and rectum.
When IAS and rectal muscle strips were immersed in isolated tissue baths, the IAS developed substantial tone along with superimposed phasic contractions whereas the rectum contracted predominantly in a phasic manner. Examples of these contractile patterns as well as mean values for tone and phasic contractile amplitudes can be seen in Supplemental Fig. S1 .
The morphology and distribution of ICC was examined in thick (100 m) sections of IAS and rectum cut parallel (transverse) or perpendicular (cross section) to the long axis of circular SMC and labeled with anti-KIT antibody. Mast cells were distinguished from ICC on the basis of their distinctly different morphology. ICC were present throughout the rectoanal region, but their shape and distribution differed between regions. In the IAS, ICC were distributed throughout the muscularis ( Fig. 2A ) but they were absent at the myenteric and submucosal surfaces. These cells had a highly complex morphology including numerous branching processes as seen in the higher magnification image of Fig. 2C . In keeping with previous terminology (5, 9) we use the abbreviated term "stellate" to describe these cells, recognizing that their true morphology is in fact more complicated. Because ICC-IM in the IAS are distinct from ICC-IM described elsewhere in the GI tract we refer to them as "ICC-IAS." In rectum, ICC were distributed throughout both the LM and CM layers. In addition, a plexus of myenteric ICC (ICC-MY) could be seen between muscle layers (Fig. 2B) . Rectal ICC-IM were spindle shaped in morphology and oriented parallel to the long axis of SMC (Fig. 2D) .
To further examine the distribution of ICC in plexus regions, modified whole mounts (1.5 cm ϫ 4 cm, see MATERIALS AND METHODS) were labeled with anti-KIT antibody. In rectum (2.5-4 cm proximal to the anal verge), a dense plexus of stellate-shaped ICC was present along the myenteric surface. Within this plexus, ICC-MY distribution varied from LM to CM surface, i.e., at the LM surface ICC-MY were organized into clusters and branches whereas at the CM surface they were preferentially oriented parallel to CM cells, forming denser bands at intervals of ϳ50 -150 m (Fig. 2G) . In some places ICC-MY were so numerous that these patterns were less apparent (Fig. 2H ). ICC were also observed at the submucosal surface (ICC-SM, Fig. 2E ), but their density was less than ICC-MY. In the distal direction ICC-MY and ICC-SM density decreased while the density of mast cells increased. In the IAS region (i.e., anal verge to 0.8 cm) ICC-MY were absent and mast cell density was ϳ4 -8/100 m 2 (Fig. 2F) . Additional images from modified whole mounts can be seen in Supplemental Figs. S2 and S3.
Three dimensional characteristics of ICC-IAS. The 3D characteristics of ICC-IAS were further examined by constructing surface renderings of cells generated from confocal stacks of cross-sectional preparations (Fig. 3, A and B) . These renderings revealed ICC-IAS processes emanating from a central nuclear region in all three dimensions. Cell nuclei were apparent as a swollen region in the widest central region of the cell. Cell bodies were often elongated and contorted in appearance. The 3D features of these cells and their relationship to one another is also apparent in the anaglyph of Fig. 3B and by viewing the cell cluster in rotation as seen in Supplemental Fig. S4 . A different cluster of ICC can also be viewed in Supplemental Fig. S5 . To examine the overall distribution of ICC-IAS within the muscularis additional confocal stacks were collected from thick transverse sections at lower magnification. Three slices from such a stack are shown in Fig. 3 , C-E and in Fig. 3F the entire stack is shown. Additional images of ICC-IAS in a different transverse section are shown as an anaglyph in Supplemental Fig. S6 and as a movie in Supplemental Video S7. These images again emphasize the complex branched nature of ICC-IAS that are present throughout the muscle thickness. Although clusters of ICC-IAS were often seen in close association to one another (e.g., Fig. 3, A and B) there were also gaps separating adjacent clusters suggesting that ICC-IAS may not form a continuous network within the muscle layer.
Since ICC-IAS were present throughout the muscle thickness, they are likely to be located within muscle bundles. To provide direct evidence for this assumption, additional experiments were undertaken in which SMC were labeled with anti-SM myosin antibody and ICC with anti-KIT antibody in thick (100 m) cryostat sections. These dual-labeling experiments revealed consistent localization of ICC within muscle bundles as seen in Fig. 4, A and B .
Nitrergic Nerves Contribute to Inhibitory Motor Responses in Both the IAS and Rectum but the Relationship Between Nerves and ICC Differs
Nitrergic nerves contribute to inhibitory motor responses in both the human IAS and rectum (39, 52), and there is evidence that ICC-IM participate in nitrergic transmission (62) . Initial experiments were therefore undertaken to confirm that nitrergic nerves functionally contribute to inhibitory motor innervation in both the monkey IAS and rectum. Dual-labeling immunohistochemical studies were also undertaken to determine whether the morphological relationship between nitrergic nerves and ICC differs between these two muscles.
For contractile experiments muscle strips were stimulated with EFS in the presence of atropine (1 M). EFS (1 Hz, 1-min duration) caused inhibition of contraction in both the IAS and rectum and these responses were greatly diminished by the NOS inhibitor L-NNA (100 M), indicating that nitrergic nerves significantly contribute to inhibitory motor responses in both regions (see Supplemental Fig. S8 ).
Nitrergic nerves in the rectoanal region were labeled with anti-nNOS antibodies. Varicose nNOS-positive fibers were present throughout the IAS musculature (Fig. 5A ), but a neural plexus was not observed at either the myenteric or the submucosal edge of the muscle. Dual-labeling experiments revealed that the distribution of ICC-IAS and nitrergic nerves were largely independent of one another (Fig. 5B) . In contrast to the IAS, a dense plexus of nNOS-positive fibers and cell bodies was present along the myenteric surface of the CM layer in rectum (Fig. 5C ) and these nerves were surrounded by ICC-MY (Fig. 5, D and F) . nNOS fibers running parallel to SMC and ICC-IM were also present in both the LM and CM layers (Fig. 5D ). Higher magnification images revealed that nNOS-positive nerves were intimately associated with ICC-IM (Fig. 5E) .
To compare the relationship of ICC to nerves in the IAS and rectum two methods were employed. The first measured the colocalization of green and red pixels in each confocal slice (see MATERIALS AND METHODS for details). Examples of data generated with this technique are shown graphically in Fig. 6, A and B . In rectum a significant number of pixels contained both KIT and NOS signals (apparent as the points lying above the green line and to the right of the red line in Fig. 6A ), indicating significant apposition of ICC with nerves. In contrast, the example shown in Fig. 6B for the IAS revealed few pixels containing both KIT and NOS signals, indicating that these cell types were not closely apposed to one another. The degree of apposition of NOS nerves to ICC was determined from 14 images. This analysis revealed significantly greater (P Ͻ 0.05) apposition of NOS nerves with ICC in rectum (38.4 Ϯ 8.4%, n ϭ 8) than in IAS (7.9 Ϯ 2.6%, n ϭ 6). Interestingly, although there was less apposition in the IAS than the rectum, the ratio of NOS to KIT densities in both preparations was close to 1.0 (1.1 Ϯ 0.4 IAS; 1.1 Ϯ 0.3 rectum) suggesting a similar volume of ICC and NOS nerves in both regions.
To further quantify the apposition of KIT to NOS-labeled fibers, a minimum distance surface algorithm was employed (see MATERIALS AND METHODS). Figure 6 , D and F, shows frequency histograms of the minimum distances (absolute) between ICC surfaces and NOS fiber surfaces calculated for a rectal (Fig. 6C ) and an IAS (Fig. 6E) confocal stack. This analysis shows that in the rectal image examined, over 50% of ICC surfaces were positioned Յ1 m distance from NOS fiber surfaces and almost all were Յ10 m apart (Fig. 6D) . In contrast, in the IAS section, only 5% of ICC surfaces were positioned Յ1 m away from NOS fiber surfaces and the remainder were spread out over a wide range extending up to ϳ50 m distance (Fig. 6F) .
To further explore the distribution of nNOS nerves in plexus regions, we examined modified whole mount preparations labeled for NADPH diaphorase activity (see MATERIALS AND METHODS). A plexus of NADPH diaphorase-positive nerves was apparent at the rectal myenteric surface (Fig. 7, A-C) but not at the submucosal surface. The density of neurons in the myenteric plexus declined in the distal direction ending approximately halfway through the IAS (Fig. 7, A, D, and E) .
Functional Role, Distribution, and Relationship of Sympathetic Nerves to ICC Differ Between the IAS and Rectum
Previous studies from a number of mammalian species suggest that excitatory motor innervation to the IAS is sympa- thetic (3, 56) , whereas elsewhere in the GI tract sympathetic nerves serve a neuromodulatory role (29, 51) . At present there are no studies that have examined the relationship of sympathetic nerves to ICC in the GI tract. Initial experiments were undertaken to confirm the differing functional roles of sympathetic nerves between the monkey IAS and rectum. Duallabeling immunohistochemical studies were then undertaken to determine whether there are also differences in the morphological relationship of ICC to nerves between regions.
For contractile experiments muscle strips were stimulated with EFS in the presence of L-NNA (100 M). In the IAS the contraction evoked with EFS (20 Hz, duration 1 min) was abolished by the sympathetic blocker guanethidine (10 M), whereas in rectum nerve-evoked contraction was unchanged by guanethidine but was significant reduced by atropine (1 M) (see Supplemental Fig. S9 ). These data suggest that sympathetic nerves serve an excitatory motor function in the monkey IAS but not in the rectum.
To examine the relationship of sympathetic nerves to ICC in the rectoanal region sympathetic nerves were labeled with antibodies raised against TH, an enzyme required for synthesis of norepinephrine. Varicose TH-positive fibers were identified throughout the musculature of the IAS but they were absent from the myenteric and submucosal regions (Fig. 8A) . Duallabeling experiments revealed that the distribution of ICC and TH-positive fibers in the IAS was largely independent of one another (Fig. 8, B and C) , although occasional areas of overlap were observed. In the rectum, a dense plexus of TH-positive fibers surrounded by ICC-MY was observed at the myenteric surface of the CM layer (Fig. 8, D and E) . TH-positive fibers were also present within the rectal muscle (Fig. 8D, arrows) but the density of these fibers was less than in the IAS as previ- ously reported (14, 45) . Higher magnification of intramuscular TH-positive fibers revealed that almost all were located in close proximity to ICC-IM (Fig. 8, F and G) . Analysis of colocalization, apposition, and relative density (see Fig. 6 ) was also carried out for TH and KIT labeling in IAS and rectum. Like KIT/NOS, apposition of TH with KIT in rectum (23.3 Ϯ 4.5%, n ϭ 10) was significantly greater (P Ͻ 0.05) than in the IAS (7.8 Ϯ 2.3, n ϭ 8). However, in contrast to KIT/NOS, the ratio of TH to KIT densities in both the IAS and rectum was significantly less than 1.0 (0.4 Ϯ 0.1 IAS vs. 0.2 Ϯ 0.03 rectum), suggesting a greater density of NOS fibers than of TH fibers in both regions.
ICC-IAS Are Not Closely Aligned With Any Neurons in the IAS
Dual-labeling studies of KIT with either TH or nNOS suggest little overlap in the distribution of nerves and ICC-IAS in the IAS. Additional studies were therefore undertaken to determine whether this lack of association is generally true for total nerve populations and ICC-IAS. Dual-labeling studies were therefore undertaken with the general neuronal marker PGP9.5 in combination with anti-KIT antibody. PGP9.5-positive fibers were densely distributed throughout the musculature of the IAS and rectum (Fig. 9, A and B) . However, in agreement with the labeling studies of TH-and nNOS-positive cells, a plexus of nerves was only observed in the myenteric region of the rectum (Fig. 9B) . Furthermore, dual-labeling studies did not reveal a special anatomical relationship between ICC-IAS and any PGP9.5-expressing population of cells in the IAS (Fig. 9C) , whereas in the rectum ICC-IM were consistently associated with PGP9.5-positive fibers (Fig. 9F ). An additional feature observed in these dual-labeling studies was that PGP9.5-positive nerve trunks in the rectum were often surrounded by stellate-shaped ICC that formed an anastomosing network of cells (Fig. 9, D and E) .
DISCUSSION
ICC have been proposed to serve as either pacemaker cells or as participants in neuromuscular transmission in the gastrointestinal tract (22, 46, 63) . However, the role of ICC in the control of motor activity in the IAS is still unclear. The present study compared the morphology and distribution of ICC in the monkey IAS to that of the rectum, an adjacent GI segment with distinctly different functional characteristics. Our studies identified a number of unique morphological features of ICC in the IAS that distinguish this region from the rectum as well as other more proximal parts of the GI tract. These unique features are discussed below.
Morphology of the IAS and Rectum Differ
In the large and small intestine the CM layer is divided into large compact muscle bundles that span the entire muscle layer [e.g., human jejunum (32); dog colon (60)]. This organization is also apparent in the monkey and canine rectum (present study and Ref. 20) . In contrast, the smooth muscle of the monkey IAS is further subdivided into numerous "minibundles" that are surrounded by wide connective tissue septa. A similar organization of muscle is seen in the dog (20) and human (43) IAS. The arrangement of IAS muscle into minibundles has led us to speculate that this region functions in some respects like a "multiunit" type muscle (see also Ref. 37 ), a concept that is further discussed in the sections below.
ICC-IM in the IAS and Rectum Differ
ICC are present throughout the musculature of both the IAS and rectum but the morphology of these cells differs. Rectal ICC-IM are spindle shaped and run parallel to SMC as described for ICC-IM in other GI regions (22, 62) . The ICC-IM proposed to participate in neuromuscular transmission are closely aligned with nerve fibers over much of their length, leading to a very similar distribution (54, 62, 63) . ICC-IM in the monkey rectum are also closely associated with nerves, suggesting a possible role for rectal ICC-IM in neuromuscular transmission as well.
In contrast to rectum, the IAS exhibited stellate-shaped ICC (ICC-IAS) distributed throughout the musculature. This stellate-shaped morphology is typical of pacemaker cells (19, 27, 61) but has never before been described for ICC-IM in any species or region of the GI tract. Dual-labeling studies revealed little overlap in the distribution of ICC-IAS with either TH or nNOS-positive cells, suggesting that the primary role of ICC-IAS is not to function as intermediates in neuromuscular transmission. ICC-IAS also exhibited little overlap with PGP9.5-positive cells, making it unlikely that the primary role of these cells is to transmit sensory information to afferent neurons (10) .
Slow waves are present in the cat (41) and dog IAS (37), and we have recently described slow waves in the monkey IAS (18) . Thus we propose that ICC-IAS generate slow waves. In other GI regions, slow wave-generating ICC are usually confined to one or two plexus regions and activity is conducted to the remaining muscle (22, 33, 46) . However, conduction of pacemaker potentials requires electrical coupling between ICC, between ICC and adjacent SMC, and between SMC (8). The septal structures that divide the IAS musculature into minibundles will tend to interrupt bundle to bundle communication, making it unlikely that slow waves from a single source can drive large regions of muscle. However, gap junctions have been shown to exist between ICC and SMC and between adjacent SMC within a minibundle in the canine IAS, suggesting that cells within a minibundle may be coupled (20) . Taken together, we propose that each minibundle is regulated by its own set of pacemaker ICC, giving rise to a multiunit-type organization.
A unique feature of the IAS is the large amount of tone that is generated compared with other "phasic" GI muscles such as rectum (see Supplemental Fig. S1 ). Studies comparing the IAS and the "phasic" anococcygeus and rectum of rat suggest that IAS tone is due to greater expression and activation of proteins involved in myofilament sensitization (42) . However, the present study of the monkey IAS and rectum reveal several unique anatomical features that distinguish the IAS from other "phasic" GI muscles. Of particular importance is the organization of this muscle into discrete minibundles and the presence of complex pacemaker-type ICC throughout the IAS musculature. Although pacemaker potentials are known to accompany phasic contractions in GI muscles such as colon (see Ref. 22, 46) , these electrical events can also give rise to tone. For example, Ca 2ϩ that enters with each slow wave can accumulate, keeping intracellular Ca 2ϩ concentration above the threshold for contraction; this is reminiscent of the "partial tetanus" that occurs in skeletal muscle with repetitive firing of action potentials. In addition, asynchronous phasic activity in multiple independent motor units (i.e., minibundles) may sum to produce tone. Finally, at depolarized membrane potentials L-type Ca 2ϩ channels can generate continuous Ca 2ϩ entry via "window current" (see Refs. 13, 26, 31 ). Since membrane potential in the monkey IAS is more depolarized than rectum (see Refs. 18, 37) greater "window current" may also contribute to tone generation in this muscle. Thus several electromechanical coupling mechanisms, independent of differences in myofilament sensitivity, could account for the greater tone generated in the monkey IAS. Similar electromechanical-coupling pathways have been proposed to account for tone generation in the urethra, another visceral smooth muscle that contains spontaneously active ICC-like pacemaker cells (4, 48, 49) .
ICC-MY in the IAS and Rectum Differ
The morphology and composition of the myenteric plexus region varied from proximal rectum to distal IAS. In the rectum, a dense plexus of stellate-shaped ICC was observed in the myenteric region (ICC-MY). Within the plexus there were also differences in the distribution of ICC-MY from LM to CM surface. ICC-MY along the LM surface were organized into clusters and branches, suggesting localization with ganglia and nerve trunks. Direct evidence for this association was obtained in dual-labeling studies that revealed ICC-MY surrounding ganglia and nerve trunks labeled with TH, nNOS, or PGP9.5 (see Figs. 8, D and E, 5E, and 9, D and E). A similar association between ICC and myenteric neurons has previously been described (e.g., Refs. 22, 27) . It is unclear whether this structural relationship is linked to a functional relationship. ICC-MY at the CM surface were preferentially oriented parallel to the long axis of CM cells and formed denser bands at intervals of ϳ50 -150 m. Septal structures were observed in cross sections of rectum penetrating variable distances into the muscle layer (see Fig. 1 ). The denser bands of ICC-MY observed in whole mounts are likely associated with these septal structures. ICC-SEP have previously been described (21, 32, 60) , and functional studies of the human jejunum suggest that pacemaker activity originating in ICC-MY conducts rapidly into the musculature via Purkinje-like ICC-SEP (32) .
Isolated segments of monkey rectum contract predominantly in a phasic manner, as observed in other animal species (7, 28, 37) . In the large and small intestine spontaneous phasic contractions are associated with slow waves generated by ICC (22, 46) and in the human and canine colon and the canine rectum (37, 44, 50 ) the predominant slow wave activity arises from ICC at the submucosal edge of the CM layer (ICC-SM). In contrast, in the human jejunum slow waves arise from ICC-MY (33) . Since the density of ICC-MY in monkey rectum (Fig. 2, G and H) was much greater than ICC-SM (Fig. 2E) , slow waves may also arise from ICC-MY in this muscle. However, additional studies are required before the functional role of either ICC-MY or ICC-SM in the monkey rectum can be confidently assigned.
In contrast to rectum, ICC were not present along the myenteric surface of the IAS. Instead, this region contained numerous mast cells (see Fig. 2, A and F) . Mast cells are known to participate in allergic responses and in innate immune responses by releasing a wide range of substances including interleukins, prostaglandins, histamine, heparin, tryptase, platelet-activating factor, along with other factors (11) . The role of mast cells in the vicinity of the IAS is not known but it may be related to the close proximity of this muscle to feces with high bacterial loads and possibly to greater potential for injury in this terminal portion of the GI tract. It is also possible that mast cells in this region serve a more physiological role. The role of mast cells in the IAS, in both health and disease, warrants further investigation.
Relationship Between ICC and Nitrergic Nerves Differs in the IAS and Rectum
The role of ICC-IM in nitrergic transmission is controversial, with a number of studies suggesting that they participate in nitrergic transmission (for review see Ref. 62 ), whereas others suggest that they do not (for review see Refs. 16, 22) . The novel observation made in the present study is that although nitrergic nerves significantly contribute to inhibitory motor responses in both the IAS and rectum, the morphological relationship differs significantly between nitrergic nerves and ICC-IM, as discussed below.
Fibers and cell bodies positive for nNOS were identified in thick sections at the myenteric edge of the rectum but not the IAS. The morphology of this plexus was further examined in modified whole mount preparations, which revealed numerous ganglia containing cell bodies and connected by internodal strands (Fig. 7) . A similar morphology has been described for the myenteric plexus of the large intestine (57, 64) . The density of nerves in the myenteric plexus decreased in the distal direction ending approximately halfway through the IAS. Nonetheless, nNOS-positive fibers were still present within the IAS musculature. The decline of nerves in the myenteric plexus from rectum to IAS of mammals (including humans) was first noted in 1971 (1). Thus nerves involved in the rectoanal reflex originate in the rectum (41) . These descending neurons are activated by rectal stretch and give rise to IAS relaxation (41, 53) .
As noted previously, ICC-MY density also declines from rectum to IAS. Thus the myenteric surface of the IAS is largely devoid of both ICC and nerves. ICC and nerves are also absent from a 6-to 8-mm portion of the feline pylorus myenteric surface. In this case the absence of ICC-MY and nerves has been proposed as a means to separate antral and duodenal pacemaker functions (58) .
Rectal intramuscular nitrergic nerves were closely aligned with ICC-IM. Quantitation of this relationship revealed that ϳ38% of NOS fibers were colocalized with ICC cell surfaces (see Fig. 6A ). Indeed, further analysis revealed that much of this apposition was Յ1 m (see Fig. 6D ). Given the constraints of confocal microscopy the lower limits of such determinations is on the order of 0.3-0.8 m at ϫ63 (www.olympusconfocal. com/theory/resolutionintro.html) thus synaptic contacts (62) are not resolvable using this technique. Therefore, our results do not provide definitive evidence for transmission between nerves and ICC in the rectum but show a high degree of association between these cell types. A similar association has been reported in a number of other GI regions (58, 59, 62) .
Despite the close association often observed between ICC-IM and nitrergic nerves, controversy still exists with regard to the role of ICC-IM in neurotransmission (see Ref. 16) . For example recent studies of the W/W v mutant mouse lower esophageal sphincter suggest that the reduction in nitrergic transmission observed in this region is due to a reduction in Ca 2ϩ -dependent signaling in SMC rather than to a loss of ICC-IM (65) . This raises an important issue regarding the use of mutant models for evaluating the role of ICC-IM in neurotransmission since protein expression, cell expression patterns, and neural connections may all change developmentally in these models. For example, fibroblast-like cell (FLC) populations have been shown to increase near nitrergic nerves in the Ws/Ws mutant rat (12) . There is evidence that FLC express guanylyl cyclase (23) , making them additional candidates for nitrergic transmission. Further definitive insight into this issue therefore requires techniques or transgenic models that allow ICC-IM to be rapidly eliminated in the adult animal. Such approaches have not yet been developed. However, there is also evidence for ICC-IM as participants in nitrergic transmission derived from studies of wild-type animals, and these show that ICC-IM express the appropriate proteins for nitrergic transmission (i.e., guanylyl cyclase and PKG, Ref. 24 ) and respond to nerve stimulation with an increase in cGMP levels above that observed in SMC (for review see Ref. 62) .
A possible explanation for the differences described between regions and animal models is that nitrergic transmission involves parallel pathways including ICC-IM, SMC, and possibly FLC and that the contribution of each cell type differs between regions. Certainly the present studies of the monkey IAS suggest that ICC-IAS are unlikely to be the sole effector cells of nitrergic transmission in this region since colocalization between ICC-IAS and nitrergic nerves is much less than that of the rectum (i.e., ϳ8%). Further analysis of minimum distances revealed that distances between ICC and nerves were spread out over a wide range extending from 1 to 50 m (see Fig. 6F ). Thus in the IAS we propose that nitrergic transmission occurs largely independent of ICC-IAS and that both SMC as well as FLC are possible candidates for neurotransmission.
Relationship Between ICC and Sympathetic Nerves Differs in the IAS and Rectum
Sympathetic nerves innervating the rectoanal region arise predominantly from the inferior mesenteric ganglion and enter the GI tract at the colon via the lumbar colonic and hypogastric nerves (29) . In this and previous studies we and others have shown that the predominant excitatory motor innervation to the IAS is sympathetic (3, 6, 56) , whereas in the remainder of the intestine sympathetic nerves serve a neuromodulatory role (29, 51 ). The present study shows that these functional differences are also accompanied by differences in the distribution of sympathetic nerves between IAS and rectum and in the relationship of nerves to ICC.
Throughout most of the GI tract, sympathetic nerves modulate the activity of other enteric nerves. For example, norepinephrine inhibits cholinergic motor nerves via presynaptic inhibitory ␣2 adrenoceptors (51) . In the monkey rectum, a dense plexus of varicose sympathetic nerves was present in the myenteric region as described for other intestinal regions (e.g., Ref. 47) . These nerves likely participate in neuromodulation. Indeed, our contractile studies did not identify a role for these nerves in excitatory motor innervation in the rectum (see Supplemental Fig. S9 ). Interestingly, a smaller population of varicose sympathetic nerves was also present within the rectal musculature and these nerves were closely aligned with ICC-IM (ϳ23% colocalization was found between TH and KIT cell surfaces). The functional nature of this relationship requires further study.
Varicose sympathetic nerves were also present within the IAS musculature and their density exceeded that of rectum.
The greater density of sympathetic nerves in IAS vs. rectum has been described for other animal species (14, 45) . The distribution of sympathetic nerves in the IAS differed from that of the rectum in that a plexus of TH-positive nerves was absent from the myenteric edge of the muscle layer. Thus the distribution of sympathetic nerves in the IAS is commensurate with their role as excitatory motor neurons. Dual-labeling studies revealed little overlap in the distribution of sympathetic nerves and ICC-IAS (TH/KIT and NOS/KIT apposition in the IAS were both ϳ8%), suggesting that sympathetic transmission occurs largely independent of ICC-IAS. In blood vessels, where excitatory motor innervation is sympathetic, specialized junctions have been identified between sympathetic varicosities and SMC (34) . It is possible that sympathetic transmission occurs via a similar pathway in the IAS.
Our morphological data reveal striking differences in the relationship between ICC and nerves in the IAS vs. the rectum. These differences may reflect in part differences in the arrangement of SMC between the IAS and rectum. As discussed in earlier sections, the IAS is composed of numerous minibundles surrounded by connective tissue septa that will diminish electrical coupling between adjacent minibundles. The input resistance of SMC in a minibundle is therefore predicted to be greater than the input resistance of SMC in a large syncytium and a quanta of neurotransmitter would be predicted to cause a greater change in membrane potential in the minibundle. The arrangement of smooth muscle into minibundles in the IAS may therefore diminish the need for specialized junctions to achieve effective neurotransmission.
In conclusion, this study has identified important differences in the morphology and distribution of ICC in the monkey IAS and rectum. The shape and distribution of ICC in the rectum is similar to that described for more proximal parts of the intestine and includes ICC populations at both the myenteric and submucosal plexuses as well as spindle-shaped ICC-IM closely aligned with nerves. In contrast, several unique morphological features were noted in the IAS, including 1) the division of the muscle layer into numerous minibundles separated by connective tissue septa, 2) the distribution of stellate-shaped ICC throughout the musculature, 3) the lack of ICC (and presence of mast cells) at both the myenteric and submucosal surfaces of the IAS, and 4) the general lack of association between ICC-IAS and nerve fibers. These features have led us to propose that the IAS functions as a multiunit-type muscle with each "unit" (i.e., minibundle) controlled by its own set of pacemaker cells (ICC-IAS) and nerves. These data also suggest that ICC-IAS do not play a central role in neuromuscular transmission in the IAS. To better understand the unique functional properties of the IAS it is important to take into account these unique morphological features.
